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Abstract

Dental resin composites need to be strengthened in order to improve their performance in large stress-bearing applications such as
crowns and multiple-unit restorations. Recently, silica-fused ceramic whiskers were used to reinforce dental composites, and the
whisker-to-silica ratio was found to be a key microstructural parameter that determined the composite strength. The aim of this
study was to further investigate the effects of whisker-to-silica ratio on the fracture toughness, elastic modulus, hardness and
brittleness of the composite. Silica particles and silicon carbide whiskers were mixed at whisker : silica mass ratios of 0: 1, 1:5,1:2,
1:1,2:1,5:1, and 1:0. Each mixture was thermally fused, silanized and combined with a dental resin at a filler mass percentage of
60%. Fracture toughness was measured with a single-edge notched beam method. Elastic modulus and hardness were measured with
a nano-indentation system. Whisker :silica ratio had significant effects on composite properties. The composite toughness
(mean=+SD; n = 9) at whisker : silica=2: 1 was (2.47 +0.28) MPam'/?, significantly higher than (1.02+0.23) at whisker : silica=0:1,
(1.13+£0.19) of a prosthetic composite control, and (0.95+0.11) of an inlay/onlay composite control (Tukey’s at family confidence
coefficient =0.95). Elastic modulus increased monotonically and hardness plateaued with increasing the whisker:silica ratio.
Increasing the whisker :silica ratio also decreased the composite brittleness, which became about 1/3 of that of the inlay/onlay
control. Electron microscopy revealed relatively flat fracture surfaces for the controls, but much rougher ones for the whisker
composites, with fracture steps and whisker pullout contributing to toughness. The whiskers appeared to be well-bonded with the
matrix, probably due to the fused silica producing rough whisker surfaces. Reinforcement with silica-fused whiskers resulted in
novel dental composites that possessed fracture toughness two times higher than, and brittleness less than half of current dental
composites. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Extensive studies have been undertaken to understand
and improve the microstructure and properties of dental
resin composites [1-9]. Reinforcement with chopped
glass fibers [10] and networked fibers [11], and optimiza-
tion in filler level and degree of conversion [8,12—14] are
among the experiments to improve the mechanical
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properties of resin composites. Other studies have
investigated the effects of heat-curing or post-cure heat
treatment on the enhancement of composite strength
and toughness [5,12-20].

However, significant improvements are still needed in
order to extend the use of dental resin composites to
large stress-bearing applications such as direct posterior
restorations involving cusps, and indirect crown and
multiple-unit restorations. This is because the relatively
high brittleness and low fracture resistance of current
dental composites still limit their wuses [21-23].
For example, a heat- and pressure-cured inlay/onlay
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composite had a relatively low flexural strength [24]. An
indirect composite was not recommended for full crown
applications due to its brittleness (Concept™ Processing
Instructions, Ivoclar North America, Amherst, NY).
For filled polymer crowns, fracture during service was
observed and they have lost favor as they continued to
fail [23]. Even for inlay applications, while the 7-year
clinical failure rate of a composite for premolar inlays
was relatively low, nearly half of the stress-bearing
molar inlays had failed [25].

Recently, a novel ceramic whisker filler system was
developed to reinforce dental composites [26,27]. The
whiskers possessed high strength and fracture resistance,
with sizes much smaller than chopped fibers. Silica glass
particles were thermally fused onto the surfaces of the
whiskers to facilitate silanization and to roughen the
whisker surfaces for improved retention in the matrix.
This method resulted in a two-fold increase in composite
flexural strength compared to currently available dental
resin composites [26,28]. A previous study [29] showed
that the whisker-to-silica ratio was a key microstructural
parameter that determined the strength of composites.
However, that study focused on the processing of
composites with different whisker : silica ratios and filler
levels without investigating the changes in the fracture
toughness of the composites. Furthermore, changes
induced by whisker :silica ratio in the elastic modulus
and hardness, which are important properties for dental
composites and can be measured with indentation
methods [30-32], are yet to be investigated.

While flexural and tensile tests yield results on
deformation and fracture of the bulk specimens,
indentation tests offer important information that is
more relevant to applications that involve localized,
non-uniform deformation or point contacts [33], such as
dental occlusal contacts with surface asperities or third
bodies during chewing and wear. The indentation
method is especially useful when specimen dimensions
are limited [30,31], such as tooth enamel or a restoration
in a tooth preparation. Indentation can be used to
characterize mechanical properties of restorative mate-
rials [34-37], and to probe the work-hardening inside
small fatigued zones [38], which are difficult to quantify
with bulk testing techniques. In addition, instrumented
indentation techniques can continuously monitor load-
ing—unloading during an indentation cycle. This process
can provide information on the energy absorbed by the
material during indentation [40] and the elastic modulus
of the material [30-32,35].

The indentation hardness, H, can be used with
fracture toughness, 7', to yield the brittleness of the
material, B, defined as [33]

B=H/T. (1)

In restorative materials with the same fracture
toughness, the material with a smaller hardness

possesses a lower brittleness because it more readily
yields under contact load, increasing the contact area to
produce a smaller contact stress. For materials with the
same hardness, the tougher material possesses a lower
brittleness. With the unit of hardness being GPa and
that of fracture toughness being MPam'?, the unit of
brittleness is GPa/MPam'?. For simplicity, only the
brittleness value is used with the unit of brittleness being
omitted. As examples, the brittleness for a silicate glass
is approximately 8 (highly brittle), and that for steel is
about 0.1 (low brittleness) [33].

The aim of the present study, therefore, was to
investigate the effect of whisker:silica ratio on the
reinforcement of silica-fused whisker composites. It was
hypothesized that the whisker :silica ratio would sig-
nificantly influence the fracture toughness, elastic
modulus, hardness, and brittleness of the whisker
composites. It was further hypothesized that the
whisker-reinforced composites would possess signifi-
cantly higher fracture toughness and lower brittleness
than the non-whisker control composites.

2. Materials and methods

2.1. Whisker : silica mixing, high temperature fusion, and
silanization

The present study used silicon carbide whiskers
(Advanced Refractory Technologies Buffalo, NY) having
diameters ranging from 0.1 to 3pum with a mean of
approximately 0.9 um, and lengths ranging from about 2
to 100 um with a mean of 14um. The whiskers were
mixed with silica having a nominal particle size of
0.04 um (Aerosil OX50, Degussa Corp., Ridgefield, NJ)
by dispersing and stirring in ethyl alcohol on a hot plate
until dry [28]. Seven powders were thus obtained with the
following whisker :silica mass ratios in the order of
increasing whisker content: 0:1 (all silica, no whiskers),
1:5,1:2,1:1, 2:1, 5:1, and 1:0 (all whiskers). These
ratios corresponded to whisker/(whisker +silica) mass
percentages of 0%, 16.7%, 33.3%, 50%, 66.7%, 83.3%,
and 100%, respectively. Each powder was heated in air
for 30 min at a temperature of 800°C [41] in a modified
Dicor™ furnace (Dentsply International, York, PA) with
heating and cooling ramps of approximately 250°C/h.
Each of the seven powders was then silanized by mixing it
with 4% mass percentage of 3-methacryloxypropyltri-
methoxysilane (MPTMS) and 2% n-propylamine in
cyclohexane by means of a rotary evaporator under
moderate vacuum in a 90°C water bath until dry.

2.2. Specimen fabrication

Each of the seven silanized powders was manually
mixed by spatulation with a dental resin monomer
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consisting of mass percentages of 48.965% of an
oligomeric urethane derivative of Bis-GMA (NCO/Bis-
GMA, Caulk/Dentsply, Milford, DE), 48.965% triethy-
lene glycol dimethacrylate (TEGDMA), 2% benzoyl
peroxide (BPO), and 0.07% 4-methoxylphenol
(MEHQ). The paste was placed into a steel mold of
2mm X 2mm X 25mm dimensions, both sides covered
with mechanically clamped glass slides and heat-cured in
an oven (Model 48, Fisher Scientific, Pittsburg, PA) at
140°C for 30 min at room atmospheric pressure to make
flexural specimens. For each of the seven powders, a
filler level mass percentage of 60% was used according
to the results of a previous study [29].

Two control composites were also fabricated. Follow-
ing the manufacturer’s instructions, the paste of an
indirect laboratory composite (Concept™, Ivoclar North
America, Amherst, NY) was placed into the same molds
and cured in the concept heat integrated processor at
120°C for 10min under a pressure of 0.6 MPa.
Concept™ consisted of a mass percentage of 76%
silicate fillers in a urethanedimethacrylate resin (Tech-
nical Data Sheet, Ivoclar North America). It is denoted
as ““control ¢” in this paper. Following the manufac-
turer’s instructions, the paste of a second indirect
laboratory composite (Artglass™, Heraeus Kulzer
GmbH, Wehrheim, Germany) was placed into the
molds and cured in a Dentacolor XS™ photo-curing
unit (Heraeus Kulzer GmbH, Wehrheim, Germany) for
90s on each side of the specimen. According to the
manufacturer, Artglass™ contained a mass percentage of
70% barium glass in a resin with tetra- and hexa-
functional groups in addition to conventional bi-
functional methacrylates. It is designated as ‘“‘control
a” in this article.

2.3. Testing

All the cured specimens were immersed in distilled
water at 37°C for 24h prior to testing. Fracture
toughness was measured by using a single-edge-V-
notched beam method [41]. A notch of a depth of
approximately 500 um was machined into each specimen
by using a diamond blade of a thickness of 150 um [37].
Diamond paste of 3 um was then placed into the notch
tip, and a sharp razor blade was used to further cut the
notch to a total depth of about 800 um. This method
was demonstrated to produce relatively sharp notches,
enabling a relatively accurate measurement of the
fracture toughness [41]. The notch length and specimen
dimensions were measured, and the notched specimen
was fractured on a computer-controlled universal testing
machine (model 5500R, Instron Corp., MA) in three-
point flexure with a span of 10 mm at a crosshead speed
of 1 mm/min, with the notch on the tensile side and the
loading pin aligned with the notch. The fracture
toughness was then calculated with the measured

fracture load, specimen dimensions and notch depth
using the single-edged-notched beam equations [41,42].
Nine specimens were tested for each of the nine
materials (seven whisker composites and two controls).
The specimens were tested in air at a relative humidity of
about 50% and a temperature of 22°C.

A nano-indentation system (Nano Instruments,
Knoxville, TN) with a diamond Berkovich indenter,
which is a three-sided pyramid with the same depth-to-
projected area ratio as the Vickers indenter [39], was
used to produce indentations. The indentation loads and
the corresponding displacements were recorded con-
tinuously throughout a loading-unloading cycle, en-
abling the measurement of the elastic modulus of the
indented specimen. The calculation of hardness and
elastic modulus was made according to a method
described previously [30]. The method involves the
extrapolation of a tangent to the top of the unloading
curve to determine the depth (a combination of elastic
and plastic displacement) over which the indenter tip is
in contact with the specimen at the maximum load,
Puax. This depth, and the knowledge of the indenter
geometry, gives the contact area, A; hardness then
follows directly from [30,32]

H = Puax/A. 2

The slope of the unloading curve also provides a
measure of the contact stiffness, which can be used with
the contact area to determine the elastic modulus. The
elastic modulus obtained, sometimes referred to as the
indentation modulus, E, is related to the Young’s
modulus Ey by [30,32]

E = Ey/(1 —v?), (3)

where v is Poisson’s ratio. Ey can be obtained via Eq. (3)
for materials with known v For materials with v of
approximately 0.25 [32], Ey = 0.94E. The present study
measured indentation modulus FE, without trying to
calculate Ey.

Six different specimens were indented for each
material, with four indents approximately 1 mm apart
in each specimen for a total of 24 indentation for each
material. P,x of 1 N was used [37] to yield indentation
contact areas large enough to represent the composite,
rather than the individual filler particles or the resin
phase in between the filler particles.

Selected filler powders and specimen fracture surfaces
were sputter-coated with gold and examined with a
scanning electron microscope (SEM, model JSM-5300,
JEOL, Peabody, MA). One-way ANOVA was per-
formed to detect significant difference (o = 0.05) in
properties. Tukey’s and Dunn’s multiple comparison
methods were used at a family confidence coefficient of
0.95 to compare the measured values.
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3. Results

SEM micrographs in Fig. 1 show (A) as-received
whiskers, (B) a higher magnification of the surface of a
typical as-received whisker, and (C) the surface of a
whisker fused with silica particles. Some of the as-
received silicon carbide whiskers were not straight
(arrows in (A)), the diameter of many whiskers appeared
to vary along their length, and the whisker surface
appeared relatively smooth (arrow in (B)). Silica
particles were observed on the surfaces of whiskers after
fusion at 800°C for 30min (arrows in (C)). The
whisker : silica ratio for Fig. 1C was 2: 1.

Fig. 2 plots the fracture toughness of whisker compo-
sites as a function of whisker : silica ratio, along with the
two controls. Increasing the whisker : silica ratio from 0: 1
(all silica) to 2:1 resulted in a significant increase (one-
way ANOVA; p<0.001) in the measured fracture
toughness; the toughness then plateaued when the
whisker : silica ratio was further increased to 1:0 (all
whisker). The fracture toughness values (mean+SD;
n=29) at whisker:silica=2:1, 5:1 and 1:0 were
(2.47+0.28) MPam'? (2.28 +0.18) MPam'? and (2.30 +
0.13) MPam'?, respectively, not significantly different
from each other (Tukey’s multiple comparison test; family
confidence coefficient=0.95). All of them were signifi-
cantly higher than (1.02+0.23) MPam'/? at whisker : sili-
ca=0:1 (all silica), (1.13+0.19)MPam'’? for control a
(Artglass™), and (0.95+0.11)MPam'? for control ¢
(Concept™) (Tukey’s multiple comparison test; family
confidence coefficient =0.95).

The composite elastic modulus and hardness measured
by nano-indentation are plotted in Fig. 3. Increasing the
whisker : silica ratio monotonically significantly increased
the elastic modulus (Kruskal-Wallis one-way ANOVA;
p<0.001). The composite modulus values at whisker : si-
lica ratios from 2: 1 to 1:0 were significantly higher than
those from 0:1 to 1:1; those at 1:2 and 1:1 were
significantly higher than that at 0:1 (Dunn’s multiple
comparison test; family confidence coefficient=0.95). On
the other hand, the magnitude of change in the hardness
of whisker composites was relatively small (Fig. 3B)
compared to that in elastic modulus (Fig. 3A), although
the variations were still statistically significant. Controls
a and ¢ had similar elastic modulus values, but the
hardness of control c is significantly higher than that of
control a (p<0.05; Student’s 7).

The composite brittleness values were calculated using
Eq. (1) and are plotted in Fig.4. With increasing
whisker: silica ratio, the brittleness of whisker compo-
sites steadily decreased, from (0.73+0.20) at whisker:
silica=0:1 (all silica) to (0.29+0.06) at 1:0. Control a
had a brittleness of (0.51 £0.13), while that of control ¢
was (1.03+0.24), nearly three times higher than those of
the whisker composites at whisker :silica ratios from
2:1to 1:0.

Fig. 1. SEM micrographs show (A) as-received whiskers, (B) a higher
magnification of the surface of an as-received whisker, and (C) the
surface of a whisker fused with silica particles. Some whiskers were not
straight (arrows in (A)), the diameter of many whiskers appeared to
vary along their length, and the whisker surface appeared relatively
smooth (arrow in (B)). Silica particles were observed on the surfaces of
whiskers after fusion at 800°C (arrows in (C)). The whisker : silica ratio
for Fig. 1C was 2: 1.

SEM micrographs of fracture surfaces are shown
in Fig.5 for (A) control ¢, (B) control a, (C)
whisker composite at whisker:silica=2:1, and (D)
whisker composite at whisker:silica=5:1 at a higher
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Fig. 2. Fracture toughness of whisker composites as a function of
whisker : silica ratio, along with control a (Artglass™) and control ¢
(Concept™). Each datum is the mean with the error bar showing one
standard deviation (SD), n = 9.
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Fig. 3. The composite elastic modulus and hardness measured by
nano-indentation. Each datum is the mean with the error bar showing
one SD, n=6.

magnification. The two controls had relatively flat
fracture surfaces, similar to that of the composite at
whisker :silica of 0:1 (all silica). The composites
containing silica-fused whiskers had much rougher
fracture surfaces, an example of which is shown in (C),
with large fracture steps (large arrow in (C)) and pulled-
out whiskers (small arrows). The whiskers appeared to
be well bonded with the matrix resin at the whisker—
resin interfaces, as indicated by the arrows in (D).

12+ ® Whisker composite
L O Control a
Lok o Control ¢

Brittleness

02 L | | 1 L 1
0:1 1:5 12 1:1 2:1 5:1 1:0

Whisker : Silica Mass Ratio

Fig. 4. The composite brittleness values were calculated using
Eq. (1). Increasing the whisker:silica ratio decreased the brittleness
of composite. The whisker composites had lower brittleness than
control c.

4. Discussion

Reinforcement of dental composites with silica-fused
whiskers resulted in a two-fold increase in fracture
toughness. The whisker:silica ratio in producing the
silica-fused whisker fillers played a critical role in
determining the composite properties. The composite
at whisker :silica=0:1 (all silica) behaved as a typical
conventional composite filled with glass particles,
having fracture-surface features and a mean fracture
toughness value similar to those of the commercial
control composites. Higher whisker:silica ratios with
increased whisker content in the composite rapidly
increased the fracture toughness. During composite
cracking, whiskers and fibers in the composite have
been observed to pin and deflect the crack propagation,
thus significantly increasing the roughness of fracture
surfaces by creating steps and tortuous topographies
[28,43]. A typical fracture step is shown in Fig. 5C and
appears to be a direct result of the deflection of the crack
to another plane in the composite. These features
constitute a high surface area, consuming energy in
creating new surfaces [33]. Enamel rods in teeth were
observed to behave in a similar way by deflecting and
resisting crack propagation [32]. Furthermore, when
intercepting a crack, the elongated whiskers bridge the
crack and resist it from opening and propagating, thus
exerting a closure force on the crack, thereby reducing
the net stress intensity at the crack tip [33,43,44].

Therefore, the increased whisker content in the
composite appeared to enhance these toughening
mechanisms, which may explain the observed increase
in toughness when the whisker : silica ratio was increased
from 0:1 to 2:1. However, when the whisker :silica
ratio was further increased to 1:0, the toughness
plateaued (Fig. 2). This is likely because the toughness
increase from a higher whisker content may be offset
by whisker entanglement and agglomeration at a high



740 H.H.K. Xu et al. | Biomaterials 23 (2002) 735-742

Fig. 5. SEM micrographs of fracture surfaces for (A) control c, (B) control a, (C) whisker composite at whisker:silica=2:1, and (D) whisker
composite at whisker :silica=15:1 at a higher magnification. The two controls had relatively flat fracture surfaces, similar to that of the composite at
whisker :silica of 0: 1 (all silica). The composites containing silica-fused whiskers had much rougher fracture surfaces (C), with large fracture steps
(large arrow in (C)) and pulled-out whiskers (small arrows). The whiskers appeared to be well bonded with the matrix resin at the whisker—resin

interfaces, as indicated by the arrows in (D).

whisker content, especially at whisker:silica of 1:0
(all whiskers, no silica). A major problem encountered
in the whisker reinforcement technology is that the
highly elongated whiskers easily entangle and ““ball up”
during mixing [45,46]. In our previous study [29] using
only whiskers without mixing with silica particles, SEM
observations showed whisker entanglement in the
composite, consistent with previous observations that
these whiskers easily entangled and were difficult to
separate from each other and disperse in the matrix
[45,46]. The fine silica particles appeared to get in
between the whiskers separating the whiskers from each
other, thereby minimizing whisker entanglement. There-
fore, mixing and fusing silica particles with whiskers not
only enhanced the whisker silanization and bonding to
the resin matrix, but also improved whisker distribution
in the matrix, both factors contributing to the measured
substantial increase in the composite fracture toughness.

It is interesting to compare the dependence of fracture
toughness on the whisker :silica ratio with that of the
flexural strength. Flexural strength was measured in a

225
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S
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75t ® Whisker composite
L O Control a
50
o Control ¢

0:1 1:5 1:2 1:1 2:1 5:1 1:0
Whisker : Silica Mass Ratio

Fig. 6. The flexural strength of composite increased with whisker : si-
lica ratio up to 5:1, and then decreased rapidly at a ratio of 1:0 (all
whiskers). Values for controls a (Artglass™) and ¢ (Concept™) are also
shown. Each datum is the mean with the error bar showing one SD,
n=~0.

previous study [29] and replotted here in Fig. 6; it
increased with whisker :silica ratio up to 5:1, and then
decreased sharply when the ratio was further increased
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to 1:0 (all whiskers). In contrast, the fracture toughness
plateaued and did not decrease at 1:0. The composite
strength is determined by the intrinsic flaws (surface and
volume flaws) in the specimen, such as pores and filler
agglomerates. On the other hand, the fracture toughness
is dependent on the material’s resistance to crack
propagation, often measured using specimens with
notches machined into them. The notch, which was
about 800 um long in this study, was likely much larger
than the intrinsic flaws in the specimen. Therefore, the
strength of specimens without notches at whisker : silica
of 1:0 (all whiskers, no silica) decreased because of
strength-controlling flaws from the observed whisker
agglomeration at whisker:silica of 1:0 [29]. The
fracture toughness at whisker :silica of 1:0, on the other
hand, was not lower than those at other whisker : silica
ratios, because the other specimens also had the large
controlling flaw—the notch. This appears to suggest
that while fracture toughness of notched specimens
provides useful information, the strength of materials
without artificial notches should also be characterized to
obtain a more complete view, because most in vivo
restorations and implants are without notches machined
into them.

While the elastic modulus of the whisker composites
increased monotonically with the whisker :silica ratio,
the composite hardness was less sensitive to this ratio.
The modulus is the material’s resistance to elastic
deformation; the hardness is the material’s resistance
to local plastic deformation. The mean modulus of the
whisker composite at a whisker:silica of 1:0 was
17.6 GPa, slightly higher than 15.3 GPa and 13.3 GPa
of the two controls, but still lower than 22 GPa of
human tooth dentin [32]. The hardness values of the
whisker composites are in between those of controls a
and c. While this would suggest that the whisker
composites should not cause excessive wear of the
opposing enamel, actual wear studies are needed to
verify this. In addition, the hardness enabled the
calculation of the composite brittleness, or the ratio of
hardness/fracture toughness, which serves as a useful
parameter in comparing the brittleness of materials [33].
For microstructural design of new restorative materials
with reduced brittleness, efforts should be focused on
increasing the toughness more than increasing the
hardness. This is because increasing the hardness more
than increasing the toughness only yields a more brittle
material. It should be noted that there are other
definitions of brittleness, ¢.g., B= EH /KIZC, where Kjc
is critical stress intensity factor; it has been proposed
based on deformation and fracture energy ratio [47].
Using this equation, the trend of brittleness versus
whisker :silica ratio and the ranking of materials’
brittleness will be similar to those in Fig. 4.

In summary, reinforcement with silica-fused whiskers
resulted in novel dental composites that possessed

fracture toughness two times higher than, and brittle-
ness less than half of, those of currently available
indirect dental composites. Composite elastic modulus
increased monotonically with the whisker :silica ratio,
while hardness was less sensitive to this microstructural
parameter. SEM examinations suggested toughening
mechanisms as crack deflection and bridging by, and
frictional pullout of, the silica-fused whiskers in the
composites. The results of this study suggest that mixing
silica particles with the highly elongated whiskers
minimized whisker entanglement and improved distri-
bution of fillers in the matrix. In addition, the fusion of
silica glass particles onto the whiskers not only
facilitated the whisker silanization and bonding with
the resin matrix, but also enhanced the whisker retention
in the matrix by providing rougher whisker surfaces.
These factors together produced dental resin composites
with superior fracture toughness and low brittleness.
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